2 


[D-A124  191  POWER  CONDITIONING  SUBSYSTEM  DESIGN(U)  RAYTHEON  CO 
BEDFORD  HA  MISSILE  SYSTEMS  DIY  J  J  MORI ARTY  ET  AL. 
NOV  82  BR-13339  AFWAL-TR-82-2188  F33615-79-C-2079 

.F/G  18/2 


UNCLASSIFIED 


OTIC  FILE  COPY  ADA  124191 


/* 

AFWAL-TR-82-2108 

POWER  CONDITIONING  SUBSYSTEM 
DESIGN 


J.  J.  Moriarty,  et  al 
Raytheon  Company 
Missile  Systems  Division 
Bedford,  Massachusetts  01730 


November  1982 


Final  Report  for  Period  17  September  1979  -  31  August  1982 


Approved  for  public  release;  distribution  unlimited. 


S3  02  08  013 

AERO  PROPULSION  LABORATORY 
AIR  FORCE  WRIGHT  AERONAUTICAL  LABORATORIES 
AIR  FORCE  8Y8TEMS  COMMAND 
WRIGHT-PATTERSON  AIR  FORCE  BASE,  OHIO  45433 


NOTICE 


Whan  Government  drawings,  specifications,  or  other  data  are  used  for  any  purpose 
other  than  in  connection  with  a  definitely  related  Government  procurement  operation, 
che  United  States  Government  thereby  incurs  no  responsibility  nor  any  obligation 
whatsoever;  and  the  fact  that  the  government  may  have  formulated,  furnished,  or  in 
any  way  supplied  the  said  drawings,  specifications ,  or  other  data,  is  not  to  be  re¬ 
garded  by  implication  or  otherwise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rights  or  permission  to  manufacture 
use,  or  sell  any  patented  invention  that  may  in  any  way  be  related  thereto. 


This  report  has  been  reviewed  by  the  Office  of  Public  Affairs  (ASD/PA)  and  is 
releasable  to  the  National  Technical  Information  Service  (NTIS) .  At  NTIS ,  it  will 
be  available  to  the  general  public,  including  foreign  nations. 


This  technical  report  has  been  reviewed  and  is  approved  for  publication. 


GERALD  D.  CLARK 
Project  Engineer 
tower  Systems  Branch 
Aerospace  Power  Division 


FOR  THE  COMMAi/DER 


D.  DAVID  RANDOLPH,  MA'jOR,  USAF 
Deputy  Director 
Aerospace  Pbwer  Division 
Aero  Propulsion  Laboratory 


WILLIAM  U.  BORGER 
Acting  Technical  A^a  Manager 
Power  Systems  Branch 
Aerospace  Power  Division 


"If  your  address  has  changed,  if  you  wish  to  be  removed  from  our  mailing  list,  or 
if  the  addressee  is  no  longer  employed  by  your  organization  please  notify  AFWAL/P006 
W-PAF3,  OH  45433  to  help  us  maintain  a  current  mailing  list”. 


Copies  of  this  report  should  not  be  returned  unless  return  is  required  by  security 
considerations ,  contractual  obligations,  or  notice  on  a  specific  document. 


_ UNCLASSIFIED _ 

SECURITY  CLASSIFICATION  of  This  PAGE  ftt'hen  nmlm  Untried) 


REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS 

BEFORE  COMPLETING  FORM 

3.  RECIPIENT’S  CATALOG  NUMBER 

4.  TITLE  (and  Subtitle) 

5  TYPE  OF  REPORT  &  PERIOD  COVERED 

FINAL  SEP  79  -  AUG  82 

POWER  CONDITIONING  SUBSYSTEM  DESIGN 

6  PERFORMING  ORG.  REPORT  NUMBER 

BR-13539 

7.  AUTHORS 

6.  CONTRACT  OR  GRANT  NUMBERS s) 

J.  J.  Moriarty  P.  A.  Corbiere 

F33615-79-C-2079 

S.  Casazza 

9.  PERFORMING  ORGANI  ZATION  NAME  ANO  ADDRESS 

Raytheon  Company 

to.  PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  a  WORK  UNIT  NUMBERS 

Missile  Systems  Division,  Bedford  Laboratories 
Bedford,  Mass.  01730 

62203F;  3145-32-54 

11.  CONTROLLING  OFFICE  NAME  ANO  ADDRESS 

12.  REPORT  DATE 

Aero  Propulsion  Laboratory  (POOS) 

November  82 

Air  Force  Wright  Aeronautical  Lab. ,  AFSC 

13.  NUMBER  OF  PAGES 

WPAFB,  OH  45433 

32 

14  MONITORING  AGENCY  NAME  »  AOCRESSfif  different  front  Controlline  Othce } 

15.  SECURITY  CLASS,  (of  this  report) 

UNCLASSIFIED 

1S».  DECLASSIFICATION  DOWNGRADING 
SCHEDULE 

15  DISTRIBUTION  STATEMENT  (of  this  Report) 

Approved  for  public  release;  distribution  unlimited 

17.  DISTRIBUTION  STATEMENT  (of  the  abstract  entered  in  Block  20.  if  different  from  Report) 

19  KEY  WOROS  ( Continue  on  reverse  side  if  necessary  and  Identify  bv  block  numb  r) 

Power  Conditioning  Inverters 

Pulsed  Power  Pulse  Forming  Networks 

Rectifiers 


20  ABSTRACT  f Continue  on  revetae  aide  It  n'»ce***ry  mnd  identify  by  block  numbe -) 

This  final  report  describes  the  results  of  a  3-phase  program  to  provide 
designs  of  lightweight,  low  volume  power  conditioning  subsystems  in  the 
range  of  500  kilowatts  (kW)  to  30  megawatts  (MW)  as  part  of  the  Air  Force 
exploratory  development  program  In  high  power  airborne  electrical  power 
supply  technology.  These  designs  are  based  on  presently  available  component 
technology  such  as  solid-state  switching  devices,  newly  developed  thyratrons 
and  high  energy  density  capacitors.  Although  these  subsystems  are  to  be 


j  an  73  1473  EDITION  OF  I  NOV  «S  1$  OBSOLETE 


unclassified 

SECURITY  CLASSIFICATION  of  THIS  PAGE  /When  Data  Fnlered) 


UNCLASSIFIED _ 

'SECURITY  CLASSIFICATION  OF  THIS  PAGEWiwi  Data  Bntarad ) 

M 

operated  in  a  burst  mode,  active  cooling  concepts  have  been  utilized  wherever 
they  would  result  in  an  advantage  in  weight  or  volume. 

Preliminary  designs  and  approaches  were  determined  for  each  of  the  subsystems 
in  Phase  I.  In  addition,  those  component  parameters  were  identified  which 
appeared  to  be  critical  in  achieving  minimum  weights  and  volumes. 

In  Phase  II  detailed  designs  resulting  in  weight,  volume,  cooling  require¬ 
ments,  and  efficiencies  have  been  determined  for  a  selected  group  of 
operating  points  for  each  subsystem.  The  total  number  of  operating  points 
for  all  four  subsystems  is  296.  The  actual  number  of  designs  completed 
was  less  because  of  insurmountable  limitations  in  SCRs  for  the  inverter 
application. 

In  Phase  III  four  design  points  were  considered  for  spaceborne  applications. 
Burst-mode  duty  was  maintained  for  the  three-phase  rectifier  designs,  but 
continuous  operation  has  been  assumed  for  the  500-kW  inverter  and  inverter- 
fed  rectifier  design  points.  This  report  deals  primarily  with  the  Phase  III 
effort. 


_ UNCLASSIFIED _ 

SECURITY  CLASSIFICATION  OF  THIS  P  aGB'When  Data  Fnr cred) 


FOREWORD 


i  . 


k.-t 


k> 

ft 


r 


This  final  report  was  submitted  by  Raytheon  Company,  Missile  Systems  Divi¬ 
sion,  Bedford  Laboratories,  Bedford,  Massachusetts  01730,  under  Contract 
F33615-79-C-2079.  The  effort  was  sponsored  by  the  Aero  Propulsion  Laboratory, 

Air  Force  Wright  Aeronautical  Laboratories,  Air  Force  Systems  Command,  Wright 
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the  project  Engineer  at  the  beginning  of  the  project.  Capt.  Jerry  Clark  is  cur¬ 
rently  the  Project  Engineer.  The  time  period  covered  by  the  report  is  17 
September  1979  through  31  August  1982. 

The  detailed  designs  of  Phase  II  were  performed  primarily  by  John  Moriarty 
(Principal  Investigator),  Alvin  Berling,  John  Kelleher  and  Donald  Shute.  Prelim¬ 
inary  designs  of  Phase  I  were  prepared  by  Gordon  Simcox,  David  Donovan  and 
Donald  Bingley.  Preliminary  and  detailed  designs  of  unique  magnetic  components 
were  performed  by  Paul  Corbiere.  These  efforts  have  been  reported  in  detail  in 
the  interim  report  for  the  period  19  September  1979  through  30  November  1981 
which  was  published  as  AFWAL-TR-82-2005  dated  January  1982. 

This  report  describes  primarily  the  extension  of  certain  Phase  II  designs 
for  spaceborne  application  which  was  carried  out  as  the  Phase  III  effort  by 
Stanley  Casazza,  Paul  Corbiere  and  John  Moriarty. 
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SECTION  I 
INTRODUCTION 


This  final  report  describes  the  results  of  a  three-phase  program  to  provide  designs 
of  lightweight,  low  volume  power  conditioning  subsystems  in  the  range  of  500  kW  to  30 
MW  as  part  of  the  Air  Force  exploratory  development  program  in  high  power  airborne 
electrical  power  supply  technology.  These  designs  are  based  on  presently  available  compo¬ 
nent  technology  such  as  solid-state  switching  devices,  newly  developed  thyratrons  and 
high  energy  density  capacitors. 

Although  the  subsystems  considered  in  the  first  two  phases  were  to  be  operated  in 
a  burst  mode,  active  cooling  concepts  were  utilized  wherever  they  would  result  in  an 
advantage  in  weight  or  volume.  Burst  duration,  duty  cycle  and  environmental  require¬ 
ments  were  modified  wherever  possible  to  minimize  weights  and  volumes. 

Preliminary  designs  and  approaches  were  determined  for  each  of  the  subsystems  in 
Phase  I.  In  addition,  those  component  parameters  were  identified  which  appeared  to  be 
critical  in  achieving  minimum  weights  and  volumes. 

In  Phase  II  detailed  designs  resulting  in  weight,  volume,  cooling  requirements  and 
efficiencies  were  determined  for  a  selected  group  of  operating  points  for  each  subsystem. 
The  total  number  of  operating  points  for  all  four  subsystems  was  296.  Since  each  point 
required  a  separate  design  for  minimum  weight  and  minimum  volume,  a  total  of  592  point 
designs  were  undertaken.  The  actual  number  of  designs  completed  was  less  because  of 
insurmountable  limitations  in  SCRs  for  the  inverter  application. 

In  Phase  III  four  design  points  were  considered  with  respect  to  spaceborne  applica¬ 
tions.  Burst-mode  duty  was  maintained  for  the  three-phase  rectifier  designs,  but  continu¬ 
ous  operation  was  assumed  for  the  500-kW  inverter  and  inverter-fed  rectifier  design 
points.  This  report  deals  primarily  with  the  Phase  III  effort  since  the  first  two  phases 
have  already  been  described  in  detail  in  the  interim  report  (Reference  (1»  which  was 
published  earlier  this  year. 

A  summary  of  the  subsystem  specification  ranges  is  shown  in  Figure  1  in  the  form 
of  a  block  diagram  for  a  typical  system  which  could  be  composed  of  the  subsystems  under 
study.  Only  those  subsystems  shown  belt  the  das*'  line  in  the  figure  are  considered  in 
this  study.  Furthermore,  interfacing  com*  <ienu,  between  subsystems  have  not  been 
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Figure  1  -  General  Subsystem  Specifications 


included,  since  such  components  would  vary  considerably  with  the  overall  system  packag¬ 
ing  and  insulation  approaches.  It  should  be  understood  that  many  complete  systems  could 
be  conceived  which  would  not  include  all  four  subsystems  shown  in  the  block  diagram. 

The  environmental  and  operational  limitations  used  in  Phase  I  are  summarized 

below: 

•  Ambient  air  and  water  temperature:  20°C 

•  Active  cooling  media:  circulating  air  and  water 

•  Altitude:  sea  level  to  10,000  ft 

•  Burst  duration:  5  min 

•  Operating  life:  100  hr 

In  an  effort  to  reduce  the  subsystem  size  and  weight,  these  restrictions  were  modi¬ 
fied  in  Phase  II  as  follows: 

•  Ambient  air  and  fluid  temperature:  20°C 

•  Active  cooling  media:  air,  oil  and  water 

•  Altitude:  sea  ievel  to  10,000  ft 

•  Burst  duration:  2  min 

•  Operating  life:  100  hr 

These  conditions  were  again  modified  considerably  for  Phase  III: 

•  Spacecraft  wall  temperature:  20°C 

•  Cooling:  conduction  to  space  radiators 

•  Altitude:  earth  orbit  of  1000  km 

•  Burst  duration: 

1)  2  min  each  24  hr  for  three-phase  rectifier 

2)  continuous  for  the  inverter  and  inverter-fed  rectifier 

•  Operating  life:  5  yr 

A  brief  summary  of  the  results  of  the  first  two  phases  is  given  in  the  next  section, 
and  the  results  of  the  Phase  III  effort  are  presented  in  subsequent  sections. 
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SECTION  II 

PHASES  I  AND  II  DESIGNS 

The  purpose  of  Phase  I  was  to  develop  design  concepts  for  the  four  subsystems  and 
to  test  these  concepts  by  preparing  preliminary  designs  in  both  minimum  weight  and  min¬ 
imum  volume  configurations  at  six  design  points  within  the  range  of  interest  for  each 
subsystem.  In  addition,  this  preliminary  design  effort  was  required  to  determine  those 
device  parameters  which  would  have  a  critical  effect  on  subsystem  weight  or  volume. 

The  results  of  this  effort  were  presented  to  Air  Force  and  device  manufacturer 
audiences  on  the  12th  and  26th  of  February  1982,  and  were  summarized  in  Reference  1. 

Using  the  concepts  developed  in  Phase  I  the  del  ailed  designs  for  each  of  the  four 
subsystems  were  developed  in  Phase  II.  These  results,  which  were  presented  in  the  Air 
Force  on  22  January  1982,  are  summarized  in  Tables  1  through  4. 

Further  details  as  well  as  schematics  and  artist  concepts  of  several  of  the  designs 
can  be  found  in  Reference  1. 
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TABLE  2 

INVERTER-FED  RECTIFIER  DESIGNS 
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SECTION  III 

PHASE  III  -  SPACEBORNE  POWER  CONDITIONING  SUBSYSTEMS 


1.  BACKGROUND 


Four  minimum  weight  subsystem  designs  from  Phase  II  have  been  reconsidered  for 
spaceborne  applications  with  modified  duty.  The  design  points  are  described  in  Table  5. 

The  principal  tasks  undertaken  in  evaluating  these  designs  for  space  were  the  man¬ 
agement  of  heat  dissipation  without  air,  oil  or  water  cooling  and  the  isolation  of  high 
voltage  in  the  far-from-perfect  vacuum  of  a  space  vehicle  or  platform  environment. 
Details  of  ionizing  radiation  and  launch  environments  were  not  considered. 

Initially,  the  approach  followed  in  the  thermal  evaluation  was  to  establish  a  feasi¬ 
ble  concept  for  controlling  the  temperature  of  the  critical  item  in  each  subsystem. 
Subsequently,  it  was  found  that  repackaging  of  the  continuously  operating  subsystems 
would  be  necessary. 

In  each  case,  a  passive  conduction/ radiation  approach  was  found  to  suffice  for  heat 
transfer  from  the  subsystems  to  a  space  vehicle  wall  assumed  to  be  kept  at  a  constant 
temperature  by  means  of  external  radiators  and/or  auxiliary  heating.  Although  wall  tem¬ 
peratures  from  +20°C  to  -20°C  were  briefly  studied,  a  temperature  of  +20°C  was  usually 
selected  for  evaluation  as  representing  a  realistic  minimum  surface  area  in  most  cases. 

Solar  loading  on  the  space  vehicle  was  considered  negligible  because  of  shielding  by 
solar  panels. 


Subsystem 

Ave.  Power 
(MM) 

Frequency 

(kHz) 

Output 

(kV) 

Duty 

Three-Phase 

21 

0.6 

100 

Intermittent , 

Rectifier 

7 

1.8 

1 

2  min  on,  24  hr  off 

Inverter-Fed 

Rectifier 

0.5 

20 

80 

Continuous 

Inverter 

0.5 

15 

120 

Continuous 

2.  THREE-PHASE  RECTIFIER 


Two  three-phase  rectifier  subsystems  were  considered  which  differed  in  operating 
power,  frequency  and  voltage  but  had  an  identical  operating  duty  of  two  min  ON,  24  hr 
OFF. 

a.  Three-phase  Rectifier  (21  MW) 

This  subsystem  consists  of  72  modules  each  containing  ten  SCRs  as  illus¬ 
trated  in  Figure  2.  The  critical  component  is  the  GE  type  C613  SCR  which  accounts  for 
70  percent  of  the  138  kW  heat  load  of  the  subsystem. 

The  technique  for  heat  transfer  in  space  is  to  assume  that  the  heat  dissi¬ 
pated  in  each  SCR  during  the  ON  period  is  stored  in  its  associated  heat  sink  for  later 
transfer  during  the  OFF  period.  Heat  is  transferred  between  the  aluminum  heat  sinks  and 
electrically  isolated  by  means  of  beryllia  (BeO)  rods.  The  end  plates  of  each  module 
radiate  heat  to  the  spacecraft  walls  which  are  assumed  to  be  maintained  at  a  constant 
temperature  and  connected  to  external  radiators. 


Figure  2  -  Three-Phase  Rectifier  10  SCR  Module 
(1)  Steady-state  Analysis  Summary 

The  external  vehicle  radiating  area  for  a  total  rectifier  load  of  6 55 
BTU/hr  over  the  24  hr  OFF  period  varies  from  5.4  ft2  at  +20°C  to  9.7  ft2  at  -20°C. 

Heat  is  conducted  in  both  directions  in  each  ten  SCR  module  to  end 
faces  13.76  in.  x  1 1.3  in.  by  means  of  a  beryllia  rod  of  thermal  conductivity  60  BTU/hr-  ft- 
°F.  Analysis  results  in  a  maximum  module  face  temperature  of  104°C  end  plate  to  a 
20°C  wall. 

The  required  weight  of  BeO  is  calculated  to  be  0.75  lb  for  a  rod  of 
0.002  ft2  in  cross  section  by  2  ft  long  with  a  density  of  187.7  lb/ft3  for  each  10-SCR  mod¬ 
ule.  The  total  3eO  weight  for  the  72-module  rectifier  is  54  lb.  The  total  21 -MW  subsys¬ 
tem  would  weigh  3334  lb  and  have  a  volume  of  196  ft^.  This  weight  is  distributed  among 
heatsinks  (26%),  compensating  resistors  (21%),  SCR  assemblies  including  triggers  (17%) 
and  miscellaneous  hardware  and  structure  (34%).  The  BeO  added  for  operation  in  the 
space  environment  comprises  only  2%  of  the  total  weight. 


(2)  Transient  Analysis  Summary 


A  multimode  thermal  computer  model  was  constructed  using  the 
dimensions  and  properties  from  the  previous  steady-state  analysis  to  check  the  validity  of 
the  assumed  +20°C  constant  vehicle  heat  sink.  The  results  for  a  single  24-hr  cycle  given 
in  Figure  3  show  the  average  vehicle  wall  temperature  is  more  likely  to  be  24°C  (75°F). 
Also,  all  the  component  temperatures  did  not  return  to  the  20°C  (68°F)  assumed  initial 
value  which  indicates  the  necessity  for  increased  thermal  conductance  or  heat  sink  capac¬ 
ity. 


To  examine  the  model  sensitivity  to  cooldown,  two  parameters  were 
arbitrarily  varied.  The  responses  to  an  increase  of  a  factor  of  ten  in  vehicle  heat  sink 
area  and  a  factor  of  two  in  BeO  rod  conductance  are  shown  separately  in  Figure  4. 

Neither  variation  is  considered  unrealistic  since  the  radiator  wall 
size  would  increase  to  only  54  ft2  and  the  initial  BeO  conductivity  and  cross  section 
have  been  conservatively  chosen.  Clearly,  a  more  detailed  analysis  of  all  components  of 


1)  21  MW  (AVERAGE)  OUTPUT 

2)  138  kW  HEAT  DISSIPATION 

3)  OPERATION 

ON  -  2  MINUTES 
OFF  -  24  HOURS 

4)  SPACE  (SKY)  TEMP 
CONSTANT  AT  -460°F 


Figure  3  -  Three-Phase  Rectifier  Plate  Thermal  Transient  Model-One  Cycle 
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1)  21  MW  (AVERAGE)  OUTPUT 

2)  138  kW  HEAT  DISSIPATION 

3)  OPERATION 

ON  -  2  MINUTES 
OFF  ■  24  HOURS 

4)  SPACE  (SKY)  TEMPERATURE 
CONSTANT  AT  -460°F 


Figure  4  -  Three-Phase  Rectifier  Plate  Thermal  Transient  Analysis 


the  thermal  system  should  be  carried  out  until  equilibrium  is  achieved.  However,  the 
point  of  this  figure  is  that  sufficient  flexibility  in  design  parameters  clearly  exists  for  the 
20°C  wall  temperature  to  be  attainable. 


b.  Three-phase  Rectifier  (7  MW) 


This  subsystem  consists  of  14  modules,  each  containing  six  SCRs  as  illus¬ 
trated  in  Figure  5.  The  module  has  been  repackaged  with  larger  adiabatic  heat  sinks  to 
replace  the  water-cooling  which  was  used  in  the  airborne  design.  As  in  the  21-MW  design 
the  critical  component  is  again  the  GE  type  C613  SCR  which,  because  of  the  higher  fre¬ 
quency  operation,  accounts  for  more  than  90  percent  of  55  kW  heat  load  of  this 
subsystem. 

The  technique  for  heat  transfer  in  space  is  similar  to  that  used  for  the  21- 
MW  design  in  which  heat  is  stored  in  the  heat  sinks  during  the  ON  period  and  conducted  to 
the  end  plates  during  the  OFF  period  by  means  of  BeO  rods.  The  end  plates  then  radiate 
this  heat  to  the  spacecraft  walls  which  are  connected  to  external  radiators. 


Figure  5  -  Three-Phase  Rectifier  6  SCR  Module 

The  external  vehicle  radiative  area  required  for  a  total  rectifier  load  of 
260  BTU/hr  to  the  +20°C  wall  over  the  24  hr  OFF  period  is  2.2  ft2.  This  analysis  shows  a 
maximum  module  end  face  temperature  of  79°C  with  an  allowed  junction  temperature  of 
125°C.  The  available  end  plate  area  of  72  in. 2  is  again  substantially  larger  than  the  mini¬ 
mum  area  of  ^*10  in.2  required  for  radiation  from  a  79°C  end  plate  to  a  20°C  wall. 

The  required  weight  of  BeO  is  calculated  on  the  basis  of  a  rod  0.004  ft2  in 
cross  section  by  1.5  ft  long  with  a  density  of  187.7  lb/ft^  for  each  6-SCR  module.  The 
total  BeO  weight  for  the  14-module  rectifier  is  15.7  lb. 

The  total  subsystem  would  weigh  534  lb  and  have  a  volume  of  16.3  ft-*.  This 
weight  is  distributed  among  heat  sinks  (44%),  compensating  resistors  (15%),  SCR 
assemblies  with  triggers  (12%)  and  miscellaneous  hardware  and  structure  (26%).  The 
added  BeO  comprises  only  3%  of  the  total  weight. 

3.  INVERTER-FED  RECTIFIER 

The  airborne  500-kW  point  design  was  repackaged  because  of  the  increased  duty 
from  intermittent  to  continuous  operation.  The  critical  items  were  the  thousand  diodes 
(IR  type  12FL 100505)  packaged  to  rectify  a  20  kHz  input  voltage  source  to  80  kVdc. 
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Each  rectifier  module  contained  a  pair  of  diodes  (5.1  W  dissipation  per  diode)  and 
RC  compensation  (0.3  W  per  resistor)  resulting  in  an  initial  subsystem  heat  load  of  5.4  kW. 
The  repackaging  approach  utilized  an  aluminum  plate  heat  sink  attached  to  each  diode 
and  brazed  to  the  metallized  surface  of  a  BeO  block.  The  block  is  clamped  to  the 
spacecraft  wall  from  which  the  heat  is  radiated.  Sketches  of  the  module  and  a  possible 
clamping  method  are  shown  in  Figures  6  and  7. 

The  heat  load  of  5.4  kW  is  based  on  a  diode  junction  temperature  of  100°C.  Analy¬ 
sis  of  heat  conduction  and  radiation  showed  that  a  spacecraft  wall  temperature  of  84°C 
would  result  and  a  radiating  area  of  70  ft2  would  be  required. 

In  order  to  minimize  the  required  radiating  area  a  thermal  analysis  was  performed 
in  which  the  diode  junction  temperature  was  varied  over  the  range  from  100°C  to  the 
maximum  allowable  junction  temperature  of  150°C.  An  increase  in  junction  temperature 
resulted  in  greater  diode  dissipation  and  a  relatively  higher  spacecraft  wall  temperature 
which  consequently  improved  the  radiating  efficiency. 

From  this  analysis  an  optimum  junction  operating  temperature  in  the  range  of 
120°C  was  chosen  with  a  resulting  subsystem  dissipation  of  5.8  to  6.6  kW.  A  radiating 
area  of  about  60  ft2  with  a  wall  temperature  of  j«100oC  was  required.  A  20°C  wall 
temperature  would  require  a  radiating  area  of  155  ft2. 

The  continuously  operating  inverter-fed  rectifier  would  be  77  in.  by  112  in.  by  4.5 
in.  high,  occupying  a  volume  of  22.4  ft^  and  weighing  1035  lb,  not  including  the  weight  of 
the  spacecraft  wall.  At  an  average  dissipation  of  6.2  kW,  the  efficiency  would  be  almost 
99  percent.  The  weight  of  this  subsystem  is  primarily  concentrated  in  the  BeO  (52%)  and 
epoxy  potting  (20%)  with  only  3%  in  the  diodes  and  the  remaining  25  percent  in  miscella¬ 
neous  small  components  and  structure. 

4.  INVERTER 

The  change  from  airborne  to  space  environment  and  from  intermittent  to  continu¬ 
ous  operation  required  major  modifications  and  repackaging  of  the  design  of  a  500-kW,  15- 
kHz  inverter  with  one  kV  input  and  a  120-kV  output.  This  design  point  was  chosen  for 
comparison  with  a  similar  design  prepared  during  Phase  II  for  an  airborne  environment. 
The  effect  of  reducing  the  operating  power  and  input  voltage  is  discussed  later  in  this 
section. 
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Figure  6  -  Inverter-Fed  Rectifier  Module 
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Figure  7  -  Top  View  Of  Module 
IS 


The  implication  of  these  changes  is  first  of  all,  the  redesign  of  the  magnetic  compo¬ 
nents,  specifically  the  four  linear  reactors,  the  four  saturable  reactors  and  the  output 
power  transformer.  These  components  were  originally  designed  for  adiabatic  operation, 
180°C  temperature  rise  in  two  min  operation  and  changed  to  150°C  temperature  rise  in 
continuous  operation.  The  adiabatic  design  versions  would  have  reached  a  final  continu¬ 
ous  operating  temperature  from  800°C  to  1000°C.  The  redesign  process  there'ore 
required  that  from  80  to  90  percent  of  the  adiabatic  heat  loss  be  removed  for  continuous 
operation,  thereby  increasing  the  subsystem  efficiency. 

Secondly,  all  inverter  components  were  redesigned  or  reconfigured  to  include  ligh 
thermal  conductivity  solid  materials  such  as  aluminum  and  beryllium  oxide  (BeO)  to  -'.on- 
duct  the  total  heat  load  to  the  spacecraft  wall. 

In  the  process  of  this  general  redesign  all  liquid-filled,  liquid-cooled  and/or  liauid- 
immersed  components  were  replaced  by  solid  encapsulants  such  as  epoxy  and  the  solid, 
thermally  conductive  materials  known  to  be  consistent  with  the  life  and  reliability 
requirements  for  long  term  spacecraft  operation. 


a.  Spaceborne  500-kW  Inverter 


Reduction  of  heat  loss  in  the  magnetic  components  was  accomplished  in  the 
500-k\V  inverter  as  follows; 


Loss  (Watts) 


Component 

Adiabatic 

Continuous 

Saturable  Reactor  (each) 

880 

175 

Linear  Reactor  (each) 

3240 

730 

Output  Transformer 

6400 

700 

Thus  the  total  magnetic  component  loss  was  reduced  from  22.9  kW  to  4.3 
kW,  or  approximately  an  80  percent  reduction.  This  effort  was  accomplished  by 
employing  improved  core  materials  such  as  Metglas  2605SC,  a  high  permeability,  low  loss, 
square  B-H  loop  material  ideally  suited  for  the  saturable  reactor  as  a  single  turn  toroidal 
core  located  directly  on  the  1000-A  conductor.  In  the  case  of  the  linear  reactor  and  the 
output  transformer,  increased  conductor  size  was  required  which  necessitated  significant 
increases  in  component  size  and  weight  as  follows: 
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Saturable  Reactor  (each) 
Linear  Reactor  (each) 
Output  T ransf ormer 


1.3 

8.25 

32.6 


0.65 

41.5 

117.8 


The  net  magnetic  component  weight  (core  and  coil  only  without  heat  sinks 
or  cooling  provisions)  increased  from  70.8  lb  to  286.4  lb  or  four  times  the  original  weight, 
consistent  at  least  on  a  first  order  basis  with  removing  80  percent  of  the  heat  loss.  How¬ 
ever,  significant  advantages  accrue  to  the  spacecraft  radiators  and  cooling  approach  by 
the  removal  of  18.6  kW  from  the  initial  airborne  system  heat  load  of  56  kW. 

The  low  voltage  isolation  required  everywhere,  1770  Vrms,  is  ideally  suited 
for  solid  aluminum  heat  sinking  directly  with  insulating  materials  such  as  the  elastomer 
CHO-THERM  *  (Reference  (2))  or  BeO  required  only  in  thin  sections.  The  sole  exception 
to  this  practice  is  the  secondary  winding  of  the  power  transformer,  rated  at  100  kVmns 
for  a  capacitive  input  filter,  or  10  kV  each  for  the  ten  "pie"  windings  physically  stacked 
upon  each  other  with  insulating  rings  of  BeO  between  them  to  conduct  the  secondary 
winding  copper  loss  of  80  W  out  of  the  coil.  An  additional  BeO  block  external  to  the  coil 
is  used  to  further  conduct  heat  to  the  spacecraft  wall. 

Interestingly  enough,  in  replacing  the  metal-cased,  liquid-filled  capacitors 
which  had  a  terminal  limitation  of  175  A,  it  was  possible  to  configure  similar  epoxy- 
encapsulated,  polypropylene  capacitors  using  extended  copper  foils  directly  attached  to 
copper  terminal  plates/heat-sinks  capable  of  carrrying  the  full  350  A  required  in  a  single 
unit.  Thus  the  16  resonating  capacitors  are  reduced  to  eight  with  the  accompanying 
reduction  in  hardware,  connections,  etc.  The  coupling  capacitor  is  similar,  so  an  addi¬ 
tional  like  capacitor  is  used  in  that  application  as  well. 

In  the  original  intermittent  duty  airborne  design,  the  major  heat  loss,  24  kW 
of  the  total  of  56  kW,  was  dissipated  in  four  series  strings  of  four  SCRs  each  dissipating 
1 500  W  and  actively  water  cooled. 

For  this  spaceborne  requirement  an  additional  parallel  string  of  four  SCRs 
was  added  to  each  of  the  existing  strings  for  a  revised  total  of  32  SCRs,  but  with  individ¬ 
ual  losses  of  570  W  each,  thereby  reducing  the  dissipation  at  each  SCR  by  62  percent  and 
the  total  spacecraft  heat  load  by  5760  W. 
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As  a  result  of  the  redesign  effort  outlined  above  the  total  power  supply  heat 
loss  was  reduced  from  approximately  56  kW  to  30  kW,  a  not  insignficant  45  percent  reduc¬ 
tion  in  required  spacecraft  heat  radiator  area.  Inverter  power  supply  efficiency  was  thus 
increased  from  90  to  94  percent  as  a  result  of  the  redesign  effort  as  well. 

A  schematic  of  this  inverter  as  modified  for  operation  in  space  is  given  in 
Figure  8.  Preliminary  layouts  of  the  inverter  (one-quarter  of  circuit)  and  the  output  cir¬ 
cuit  are  given  in  Figures  9  and  10,  respectively.  Each  quarter  inverter  is  estimated  to 

weight  229  lb  and  occupy  a  volume  of  4.2  ft  .  The  total  inverter  subsystem  therefore 
weighs  1107  lb  and  occupies  a  volume  of  18.8  ft^.  A  20°C  wall  temperature  requires  a 
radiating  area  of  845  f  t^.  The  principal  contributors  to  the  inverter  weight  are  the  linear 
reactors  (30%),  mounting  plates  (20%),  SCR  assemblies  (15%)  and  the  output  transformer 
(15%).  The  remaining  20%  of  the  weight  is  made  up  of  miscelleneous  small  components 
and  hardware. 


Figure  8  -  Inverter  Schematic  For  0.5  MW,  1  kVdc  In,  120  kVdc  Out, 

15  kHz  Continuous  Duty 
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Figure  9  -  Preliminary  Layout  Of  500  kW,  1000  V  Input  Inverter 
(One-Quarter  Circuit) 

22 


COUPLING  CAPACITOR 
2.23  mF.  1770  Vrms 
15  kHz  200  W 


Figure  10  -  Inverter  Output  Coupling  Unit 
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b.  Design  Techniques 


Reducing  the  output  transformer  heat  loss  for  continuous  operation  resulted 
in  700  total  watts  of  heat  loss  concentrated  mainly  in  the  core  (80  percent  or  560  W) 
where  it  could  be  simply  conducted  from  the  shell-type,  two-core  design.  The  exposed 
lamination  edges  are  used  for  direct  heat  transfer  from  aluminum  side  plates  to  the 
spacecraft  wall  using  thin  5  mil  thickness  CHO- THERM  *  insulation  between  them. 

Each  winding  then  has  approximately  10  percent  or  70  W  heat  loss.  The 
primary  winding  is  electrically  at  only  1770  Vrms,  therefore  a  slitted  aluminum  winding 
tube  1/4-in.  thick  is  used  to  conduct  the  copper  loss  out  of  the  foil-wound  coil  with  only  a 
25°C  average  winding  temperature  rise  over  ambient. 

In  the  case  of  the  high  voltage  secondary  windings,  also  foil-wound,  the 
winding  copper  loss  is  conducted  from  the  foil  to  the  BeO  discs  on  each  side  through  the 
epoxy  encapsulation.  Total  secondary  average  winding  temperature  rise  is  70° C  over 
ambient. 

Heat  transfer  from  other  components  to  the  baseplate,  such  as  the  capaci¬ 
tors,  disc  resistors  and  linear  reactors  was  accomplished  through  substantial  aluminum 
mounting  brackets  clamped  as  shown  for  the  saturable  reactor  in  Figure  11. 

c.  Spaceborne  250-kW  Inverter 

In  order  to  more  nearly  approximate  the  anticipated  output  of  solar  cell 
arrays  it  was  necessary  to  consider  the  effect  on  the  inverter  design  of  reducing  the  oper¬ 
ating  parameters  to  250  kW  average  power  and  400  V  output.  Conversion  frequency  and 
output  voltage  would  remain  unchanged  at  15  kHz  and  120  kV,  respectively. 

The  250-kW  inverter  design  alternative  uses  the  same  design  approach  and 
the  same  semiconductors  as  the  500-kW  inverter.  The  number  of  SCRs  and  associated 
snubber  resistors  and  capacitors  are  halved  from  32  to  16  because  the  input  voltage  is 
reduced  from  1000  V  to  400  V.  Similarly,  the  number  of  damping  resistors  has  been 
reduced  from  12  to  four  and  their  dissipation  from  2000  to  400  W,  for  the  same  reasons. 

Fundamentally,  however,  actual  inverter  circulating  current  is  increased  by 
25  percent  because  the  50  percent  reduction  in  output  power  is  more  than  offset  by  the  60 
percent  reduction  in  input  voltage.  Consequently,  the  inverter  capacitor  values  are 
increased  25  percent  and  the  linear  reactor  inductance  decreased  by  25  percent. 


Figure  1 1  -  Saturable  Reactor  Mounting  Assembly 
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However,  the  linear  reactor  energy  rating  (1/2  LI^)  is  actually  increased  17 
percent  due  to  the  increase  in  current.  The  number  of  resonating  capacitors  is  reduced 
from  eight  to  four,  each  rated  875A  and  710  Vrms.  Thus  the  size  and  losses  associated 
with  the  remaining  individual  components  used  in  the  250-kW  inverter  increase  over  those 
required  for  the  500-kW  prototype  design. 

Efficiency  is  adversely  impacted,  dropping  from  94  percent  to  92  percent. 
However,  actual  losses  drop  from  30  kW  to  22  kW  allowing  a  27  percent  reduction  in 
external  space  radiator  area.  Nevertheless,  the  result  is  consistent  with  expected 
efficiency  from  a  250-kW  inverter  operating  at  1000  V  input. 

Despite  the  50  percent  reduction  in  output  power,  the  output  coupling  unit 
is  reduced  in  weight  only  from  187  lb  to  142  lb  (24  percent)  and  in  volume  from  1.96  ft^  to 
1.64  ft^  (16  percent).  The  reason  is  that  the  output  voltage  of  120  kV  in  both  cases 
results  in  the  difficult  problem  of  electrically  insulating  the  high  voltage  winding  while 
conducting  the  copper  losses  out  of  it. 

Size  and  weight  for  the  inverter  sections  are  reduced  from  16.9  ft3  to  11.8 
ft5  (30  percent)  and  from  916  lb  to  700  lb  (24  percent)  a  substantial  savings  in  each  cate¬ 
gory.  The  main  contributor  to  the  weight  of  this  inverter  is  the  linear  reactor  (44%), 
followed  by  the  mounting  plates  (15%),  output  transformer  (14%)  and  SCR  assemblies 
(11%).  The  remaining  16%  of  the  weight  is  made  up  of  miscellaneous  small  components 
and  hardware. 

Total  inverter  size  and  weight  are  reduced  from  18.8  ft^  to  13.4  ft^  (29 
percent)  and  from  1 103  lb  to  842  lb  (24  percent).  The  weights  include  mounting  the  compo¬ 
nents  to  a  half -inch-thick  aluminum  plate  along  with  the  necessary  controls  and  hardware. 
A  preliminary  layout  is  shown  in  Figure  12.  A  20°C  wall  temperature  would  require  a 
radiating  area  of  620  ft^. 

Summarizing  the  comparison  between  the  two  inverters,  the  reduction  in 
input  voltage  is  favorable  and  consistent  with  semiconductor  capabilities  as  low  voltage, 
high  current  devices,  relatively  speaking.  The  dissipation  density  is  increased  on  an 
inverter  section  assembly  basis  from  6.5  W  per  in. 2  to  6.7  W  per  in. 2  on  the  mounting 
plate,  only  a  three  percent  increase.  Major  components,  such  as  SCRs  and  the  shunt  diode 
have  had  an  individual  33  percent  increase  in  heat  loss,  requiring  a  similar  increase  in 
their  heat  sinks. 

Overall,  the  250-kW  inverter  is  as  practical  at  400  V  input  as  at  1000  V 
input  with  proper  attention  to  current  conductors  and  connections  and  particularly  heat 
sinking  of  the  components. 
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Figure  12  -  Preliminary  Layout  Of  250  kWf  400  V  Input  Inverter 
(One-Quarter  Circuit) 
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SECTION  IV 
CONCLUSIONS 


During  the  three  phases  of  this  study,  four  types  of  power  conditioning  subsystems 
were  examined  and  point  designs  were  prepared  for  a  broad  range  of  operating  parame¬ 
ters.  The  environmental  conditions,  both  airborne  (Phases  I  and  II)  and  spaceborne  (Phase 
III)  were  somewhat  idealized  for  simplicity.  Nonetheless,  significant  comparisons  could 
be  made  between  the  sizes  and  weights  of  the  various  subsystem  design  points. 

A  comparison  of  the  Phase  III  results  with  those  in  Phase  II  for  similar  parameter 
values,  illustrated  in  Table  6,  demonstrates  the  distinct  advantage  of  burst  mode  opera¬ 
tion  over  continuous  operation  where  size  and  weight  must  be  minimized. 

In  general,  the  limitations  found  in  attaining  subsystems  of  reduced  size  and  weight 
were  attributed  to  the  lack  of  components,  especially  SCRs  and  diodes,  capable  of  operat¬ 
ing  reliably  and  efficiently  at  the  high  voltages,  currents  and  conversion  frequencies 
under  study.  The  present  status  of  magnetic  components  and  pulse  capacitors  also 
appeared  as  limits  to  further  progress  in  subsystem  size  reduction. 

Packaging  of  individual  semiconductor  elements  could  be  improved  and  optimized 
with  respect  to  the  parameters  under  study  in  this  program. 


SECTION  V 
RECOMMENDATIONS 


Whether  airborne  or  spaceborne,  it  was  concluded  in  the  previous  section  that  fur¬ 
ther  reduction  in  size  and  weight  of  high  power  subsystems  is  limited  by  the  present  state- 
of-the-art  of  semiconductor  devices.  Significant  further  development  of  such  devices 
along  these  lines  is  very  unlikely  in  a  practical  sense  unless  and  until  a  market  potential 
can  be  identified  to  justify  the  expense  of  development.  It  is  therefore  recommended 
that  a  hybrid  approach  be  examined  in  which  both  solid-state  and  advanced  switch  tube 
devices  would  be  used  to  accommodate  the  needs  of  high  power  subsystems. 

With  respect  to  space  applications,  it  is  clear  that  more  detailed  work  on  subsys¬ 
tem  packaging  and  thermal  management  is  necessary  to  optimize  the  spaceborne  designs. 
A  more  realistic  environment  which  includes  launch  conditions  and  hostile  radiations,  both 
natural  and  man-made,  must  be  considered.  Reliability  requirements  and  maintenance 
intervals  should  be  evaluated  with  consideration  of  the  opportunities  for  more  frequent 
maintenance  afforded  by  space  shuttle  availability.  Relaxation  of  these  requirements  will 
allow  the  utilization  of  components  more  suitable  for  compact  high  power,  high  voltage 
power  conditioning  subsystems  which  have  not  previously  been  considered,  such  as  switch 
tubes. 
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